Abstract. Current regulations stipulate a yellow fever (YF) booster every 10 years. We conducted a systematic review of the protective efficacy and duration of immunity of YF vaccine in residents of disease-endemic areas and in travelers to assess the need for a booster in these two settings and in selected populations (human immunodeficiency virus-infected persons, infants, children, pregnant women, and severely malnourished persons). Thirty-six studies and 22 reports were included. We identified 12 studies of immunogenicity, 8 of duration of immunity, 8 of vaccine response in infants and children, 7 of human-immunodeficiency virus-infected persons, 2 of pregnant women, and 1 of severely malnourished children. Based on currently available data, a single dose of YF vaccine is highly immunogenic and confers sustained life-long protective immunity against YF. Therefore, a booster dose of YF vaccine is not needed. Special considerations for selected populations are detailed.
INTRODUCTION
Yellow fever (YF) poses a considerable health care burden and a serious risk to residents of disease-endemic regions, non-immunized travelers entering disease-endemic areas, and persons moving within their own country from low-risk to high-risk regions. [1] [2] [3] Because there is no effective treatment for YF, prevention through immunization is critical to lower morbidity and mortality.
The World Health Organization currently recommends two live attenuated YF vaccines: 1) strain 17D-204 and 2) strain 17DD. The combined strategy for YF control includes the Expanded Program on Immunization and preventive vaccination campaigns. Administration of YF vaccine is recommended for persons 9 months of age who are traveling to or living in high-risk areas. 4 For travelers, International Health Regulations stipulate that the vaccination certificate for YF is valid beginning 10 day(s) after administration of the vaccine for primary vaccine recipients and requires a booster after 10 years. 5 However, this recommendation has been challenged because many studies have suggested that the duration of immunity after YF vaccine may last for several years in as many as 80% of vaccines. [6] [7] [8] [9] [10] [11] [12] [13] We conducted a systematic review of the protective efficacy and duration of immunity after YF vaccination. The principal aim of this review was to assess the need for a booster dose every 10 years based on the efficacy profile and the available evidence on duration of immunity in residents of diseaseendemic areas and in travelers. We also searched for reports of YF that developed in YF vaccinees post-vaccination and the time elapsed since they were immunized. We also explored the immunogenicity in specific groups in which a booster or a second dose may need to be considered.
METHODS
Search strategy. We used the EndNote X5 Software (Thomson Reuters, New York, NY). We systematically searched in two databases: PubMed (last search June 2012) and SCIELO (last search May 2012). The search was conducted in four languages: English, French, Portuguese, and Spanish and evaluated any study addressing the efficacy and/or duration of immunity after YF immunization. In PubMed, we used the Medical Subject Headings (MeSH) terms yellow fever vaccine, immunity, antibody formation, antibodies, NTAbs, travel, immunization, booster immunization, secondary immunizations, revaccination, human immunodeficiency virus, acquired immune deficiency Syndrome, HIV seropositivity, malnutrition, immunocompromised hosts, immunocompromised patient, pregnancy, infant, child, preschool, and aged. We performed MeSH term-pertinent combinations by using the Boolean operators AND or OR. The MeSH terms were also combined with relevant free terms as text word: efficacy, neutralization test, endemic, immunocompromised, and elderly.
In addition, we scanned the reference lists of all included papers and of all the articles that were excluded because of being review articles to identify additional relevant studies. We also used the words yellow fever, vaccine failure, and case report in the Google internet search engine. Furthermore, we obtained unpublished information through personal communication with an expert in the field (Dr. Thomas Monath) .
Study selection and eligibility criteria. All abstracts and full text articles were independently read by two reviewers to determine relevance with any disagreements resolved by consensus. We used inclusion and exclusion criteria to assess the full eligibility of the included studies. To be included in this review, studies could address either efficacy, duration of immunity, or both. Studies that assessed duration of immunity but had a shorter than 10-year-follow-up period after vaccination were excluded.
We did not exclude studies on the basis of the type of correlate of protection or test used to measure antibody persistence but the specific technique and cutoff titer were detailed for each individual study. We did not apply any study-design exclusion criteria; randomized controlled trials (RCTs), prospective and retrospective cohort studies, and other small observational studies were acceptable.
Data extraction. Two authors revised all the potentially included abstracts and full-text articles, achieved consensus regarding eligibility, and extracted the data by using predesigned data extraction sheets. These sheets were designed by the authors and detailed the study population (making a special remark on whether it was carried out in a diseaseendemic region or in travelers), the type of YF vaccine used, the method used to determine antibody titers, and the time since last immunization for studies assessing duration of immunity.
Assessment of risk of bias. We used the PRISMA guidelines to assess the risk of bias in individual studies and across studies. We did not use scales. Instead, we assessed the risk for different items separately. For RCTs, all three authors independently evaluated the quality of the study according to the Cochrane risk-of-bias approach. For the observational studies we used the GRADE approach. The authors were not biased with regard to journal, institution, or study results.
RESULTS
Study selection process. Electronic database and other searching identified 419 related studies. After removal of duplicates, we obtained 216 abstracts. According to title and abstract, 88 were selected for full text retrieval ( Figure 1 ). All but two of the included papers identified in the SCIELO database were also found in PUBMED.
Thirty-six studies and 22 reports were included in this review because specific data on the included population groups of interest could be extracted: 12 studies in 11 articles of efficacy, 8 of duration of immunity, 8 of infants and children, 7 of vaccine response in persons infected with human immunodeficiency virus (HIV), 2 of pregnant women, and 1 of severely malnourished children. There was some overlapping in these categories, meaning that some studies of specific populations were also included in the efficacy or duration-of-immunity analysis. Of the 22 reports, 10 were vaccine-failure related (Table 1) , 6 were reports of YF in unvaccinated travelers in the past 15 years (Table 2) , 5 were related to neurologic complications reported in breastfeeding infants of vaccinated mothers, [14] [15] [16] and 1 was a case report of an HIV-infected patient in whom meningoencephalitis developed after vaccination against YF. 17 Among included studies, 30 records were published in English, 3 in Spanish, 1 in French, and 2 in Portuguese.
Study characteristics. Included studies were conducted during 1947-2012. The range of the sample size was 2-1,440 persons, and the time since last immunization in the included studies addressing the duration of immunity ranged from 10 to 60 years. Among the 12 efficacy studies, 7 were conducted in disease-endemic regions and 5 evaluated vaccine performance among travelers or non-endemic settings. Of the eight studies addressing duration of immunity, two were historical studies conducted on military and navy personnel, one was conducted in a disease-endemic area, and the remaining five were conducted in travelers or persons from non-endemic areas.
Efficacy. Correlates of protection. Correlates of protection need to be considered to assess the protective efficacy of YF vaccine. There are no studies on humans. Therefore, the minimal protective level of neutralizing antibodies induced by 17D YF vaccine is estimated from dose-response studies in rhesus monkeys that were challenged after immunization with virulent YF virus. 18, 19 Based on the evidence of these studies, the Food and Drug Administration approved a log 10 neutralization index (LNI) 0.7 as a surrogate of protection against YF. However, the LNI assay requires an amount of serum suitable for animal studies or clinical trials but not for routine screening among humans. As a result, a plaque reduction neutralization test that uses a constant amount of virus and varying dilutions of serum has replaced the LNI. The 1:10 and 1:20 titers frequently used as cutoff titers have been estimated by extending the results of studies on passive immunization in hamsters, and available evidence on titers considered to be protective for other related viruses such as Japanese encephalitis virus. [20] [21] [22] Overall, there is agreement in the assumption that a titer 1:10 is associated with protective immunity, considering the paucity of YF cases in immunized persons. 10, 11, 23 Protective immunity after YF vaccination. Twelve studies in 11 articles 6, 10, [25] [26] [27] [28] [29] [30] [31] [32] [33] addressed the efficacy of YF vaccine in terms of immunogenicity (Table 3) . Seroconversion rates were consistently 90% in 9 of 10 studies. Only one study reported a 75% seroconversion rate six months after a mass vaccination campaign. 26 We identified two large RCTs that used two YF 17 D vaccines (Arilvax and YF-VAX ) and LNI as the method to identify neutralizing antibodies. Belmusto-Worn and others reported seroconversion rates of 90.6-94.9% among 1,107 healthy children. 30 Monath and others found seroconversion rates of 98.6-99.3% among 1,440 healthy adults by using the same two vaccines. 33 After antibody kinetic studies, Monath also reported that protective levels of neutralizing antibodies were found in 90% of recipients within 10 days and in 99% within 30 days. 34 Seroconversion rates among studies were similar regardless of vaccine substrain, manufacturer, assay used to measure neutralizing antibodies, or method of administration. 28, 30, 33, 35 Immunologic response to booster. Early studies suggested enhanced antibody production following revaccination. 36 Our search identified two studies that suggest that titers in revaccinees do not differ from those found in first-time vaccinees. Rosenzweig and others reported results on 9 of 24 persons who were revaccinated within eight years of primary immunization. The titers of revaccinees did not differ from those who had received only one dose. 11 Another study monitored early and late events of immune system activation after primary and secondary YF vaccination in 17 healthy persons, 5 of whom had been vaccinated once at least ten years) earlier. The authors reported that revaccination was followed by a minor and transient increase in neutralizing antibodies that disappeared seven months after the primary challenge. 6 In this study, all five revaccinees had neutralizing antibodies at a protective level before secondary immunization, suggesting that if primary vaccination was effective, then revaccination may not provide any additional benefit.
In contrast, when a pre-booster serologic result is low or negative, the efficacy of revaccination is well documented. 24, [37] [38] [39] This finding is true regardless of the reason for seronegativity: whether there was no seroconversion or the levels of neutralizing antibodies decreased below detectable levels over time. Hepburn and others conducted a retrospective study on YF vaccination among laboratory workers receiving annual serologic assessments. They found an appropriate immune response to booster (defined as a 4-fold increase in serologic titers) in 78% (646 of 829) of persons with low titers ( 1:10) versus 10% (8 of 79) in persons who had prevaccination titers 1:40. 24 In the study conducted by BonnevieNielsen and others, only 1 of 10 persons who had received a dose of YF vaccine two years earlier had an antibody titer 1:10. Seven days after revaccination, this person had protective neutralizing antibodies. 39 Duration of immunity. Eight studies addressed the duration of immunity 10 years after YF vaccination [6] [7] [8] [9] [10] [11] [12] [13] (Table 4 ). The percentage of persons with neutralizing antibodies at a protective level ranged from 74.5-100%.
Poland and others found that neutralizing antibodies persisted 30 years in 80.6% of veterans of the Second World War. 9 Interestingly, they found that seropositivity was especially high in the subgroup of navy/air corp personnel (97% versus 60% for army personnel). Groot and Riberiro reported that 76% of 108 residents of a non-endemic YF region in Brazil had readily demonstrable neutralizing antibodies against the French neurotropic virus strain of YF virus (21% were partially positive). 8 A year later, Rosenzweig and others conducted a retrospective study of 24 retiring Marine and Navy personnel, and found that 100% had neutralizing antibodies and an LNI of 2.6 after 16-19 years. 11 Niedrig and others reported a lengthened duration of immunity to 40 years. They reported neutralizing antibody titers 1:10 in 74.5% of 209 persons several years after immunization. 12 A recent study reported neutralizing antibodies at a protective level in 95% of persons 60 years of age and median time after immunization of 14 years (range = 11-60 years). 13 Although there is evidence suggesting that YF immunity persist for life, with some frequency neutralizing antibodies 
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Jungle in Brazil show a time-dependent decrease. 7, 10, 12, 26 One study showed that neutralizing antibody titers 1:10 decreased from 94% in the first year after vaccination to 75% 10 years later. 12 Two studies reported neutralizing antibody titers 1:10 10 years after immunization. 7, 10 De Melo and others 10 found that 65% (13 of 20) had neutralizing antibody titers 1:10 10 years after immunization, and Gomez and Ocazionez 7 reported neutralizing antibody titers 1:10 in 6 of 19 persons who had been vaccinated 4 years earlier. This latter sample was a small sample and data provided did not enable us to elucidate how many persons vaccinated 10 s earlier were included in this group.
Efficacy and duration of immunity in specific populations. Healthy persons rarely fail to develop neutralizing antibodies after YF vaccination. In controlled clinical trials, the primary failure rate is generally approximately 1%. 33 However, certain host factors have been associated with a reduced immunologic response or safety concerns following vaccination. [40] [41] [42] We explored available evidence for the following persons: infants and children, HIV-infected persons, pregnant women, and severely malnourished persons.
Infants and children. Eight included studies addressed the immunogenic response to YF vaccine in infants and children. Two old and small studies found no significant difference between children and adults regarding neutralizing antibodies or duration of immunity five years after primary vaccination. 43, 44 However, more recent studies have not supported these observations. 7, 26, 30, [45] [46] [47] [48] Children may not develop an immunologic response as effectively as adults or may lose immunity more rapidly. However, these studies have methodologic limitations, including use of an intraperitoneal protection test for young mice, which was later found to be less sensitive than newer techniques or the use of old vaccination records to recruit persons.
Human immunodeficiency virus. Four retrospective observational studies reported a good immunologic response in HIV patients with CD4 cell counts 200 cells/mm 3 and variable viral load. [49] [50] [51] [52] The seroconversion rates were high (92-100%) although the number of persons included in the analysis was small in three of the studies (2, 12, and 14 respectively).
Receveur and others reported two persons with CD4 cell counts 500 cells/mm 3 and viral load 20,000 whose vaccination was followed by a good immune response. 49 In both patients, a decrease in CD4 cell count of approximately 200 occurred in the first month after vaccination without any disease manifestation and with a steady recovery. The retrospective study conducted by Tattevin and others also showed favorable efficacy results for a 17DYF vaccine in HIV-infected patients with CD4 cell counts 200 cells/mm 3 . 50 The 12 included persons had a mean CD4 cell count of 561 cells/mm 3 (range = 240-1,300 cells/mm 3 ) and a mean viral load of 5,477 (range = 20-31,100). Pistone and others evaluated neutralizing antibodies 23 HIV-infected patients in France and reported that 93% (13 of 14) of patients without baseline immunity had successful seroconversion. However, time to seroconversion was prolonged; only 2 of the 5 patients tested within five weeks had neutralizing antibodies. 51 The recent study of Sidibe and others 52 was conducted in a YF-endemic area in Mali and reported that 92% (76 of 83) of HIV patients had neutralizing antibody titers 1:20 nine months after a mass immunization campaign.
In contrast to this data, Sibially and others found that only 3 (17%) of 18 HIV-infected children in Abidjan, Cote d'Ivoire had adequate levels of neutralizing antibodies compared with 42 (74%) of 57 controls matched for age, sex, and nutritional status. 53 An important limitation of these findings is that immunogenicity in the HIV-uninfected children was lower than expected, which suggested that vaccine antigenicity, storage, or administration were suboptimal. Furthermore, there were no data on the level of immunosupression for the HIVinfected children. Veit and others investigated a larger cohort of 102 HIV-infected patients in Switzerland after vaccination with 17DYF vaccine. At one year post-vaccination, significantly fewer HIV-infected patients had protective neutralizing antibodies, and their titers were significantly lower than HIV-uninfected persons. 54 In this study, the median CD4 cell count was 537 cells/mm 3 (range = 11-1,730 cells/mm 3 ), and the viral load was undetectable in 41 of 102 HIVinfected patients.
Regarding duration of immunity, there is evidence suggesting that neutralizing antibodies decrease quicker in HIVinfected persons. In the HIV cohort study in Switzerland, 11 of 65 patients who initially showed protective responses also had non-protective neutralizing antibodies within five years of primary vaccination. During the first decade after vaccination, the rate of non-protective response for HIVpositive recipients was 23%, which was twice that for HIVnegative recipients. 54 Two recent and well-designed studies suggest that viral load inversely correlates with the immune response to YF vaccine: the lower the viral load at the time of vaccination, the stronger the immune response. Veit and others reported that higher levels of neutralizing antibodies during the first year after immunization were associated with undetectable HIV RNA levels at the time of vaccination. 54 Moreover, a prospective cohort showed that among 240 patients immunized after HIV diagnosis, neutralizing antibody titers 1:10 were associated only with detectable plasma HIV RNA at immunization. 55 Conversely, Sidibe and others 52 found that suppressed HIV RNA was associated with adequate immune titers.
Our search did not identify any study addressing the response to YF vaccine booster in HIV-infected patients. However, one study showed that a booster effect was noted in only 3 of 9 patients with baseline immunity. 51 Pregnancy. Only two studies addressed the immunogenicity of YF vaccine in pregnant women. 32, 56 These studies reported contrasting results; they showed high seroconversion rates in women vaccinated early in their pregnancy versus low seropositivity after vaccination in their third trimester.
Suzano and others reported results of the inadvertent immunization of 480 pregnant women during a mass vaccination campaign in Brazil. 32 These women received vaccine at a mean of 5.7 weeks of gestation. In the six weeks after vaccination, 98.2% had neutralizing antibodies. In contrast, a study conducted in Nigeria found that pregnant women had significantly lower levels of neutralizing antibodies than nonpregnant women of childbearing age, male students, and the general population. 56 Only 38.6% had neutralizing antibodies compared with 81.5-93.7% of the other groups. In this study, 88% of immunizations had taken place during the third trimester. 56 No evidence was found regarding duration of immunity in women who were pregnant at the time of vaccination.
Severe malnutrition. Only one small study showed that protein malnutrition was associated with impaired antibody response to YF vaccine and reported that only 1 of 8 persons with kwashiorkor seroconverted after vaccination compared with 5 of 6 controls. 57, 58 The role of cellular immunity in this population was not explored. Our search could not identify any report that addressed the duration of immunity to YF vaccine in malnourished children.
Risk of bias. Three of 12 studies included in the efficacy analysis were RCTs. One was a placebo-controlled trial and the remaining eight, along with all studies included in the duration-of-immunity analysis, were observational studies. Two of the RCTs were similar in design and quality of methods. Both studies used stratified randomization to ensure equal distribution of vaccination by age group and sex and allocation concealment as a safeguard against selection bias. All study staff who dealt with persons in the study, as well as co-investigators, laboratory personnel, and assessors of adverse events, remained blinded to prevent detection bias. All three RCTs completely reported results of outcomes described in the methods section. Moreover, reported outcomes from RCTs did not significantly differ from their register forms (ClinicalTrials.gov). Therefore, we could not detect any selective reporting. The placebo-controlled trial included in the efficacy analysis was open-label, randomized, comparatorcontrolled, parallel group. Regarding observational studies, all clearly defined their eligibility criteria, and these criteria, along with outcome assessment, were applied equally to all participants. In relation to loss to follow-up in cohorts and in RCTs, the loss was always 15%. No studies were excluded because of poor quality of methods or high risk of bias.
DISCUSSION
This systematic review aimed to assess the need for a vaccine booster every 10 years based on the protective efficacy of YF vaccine in terms of immunogenicity and the duration of immunity after vaccination in residents of disease-endemic areas and in travelers, as well as selected populations.
Efficacy. Although the effectiveness of YF vaccine in humans has not been formally tested in controlled clinical trials, several observations attest to its effectiveness: "the reduction of laboratory-associated infections in immunized workers, the fact that jungle YF in Brazil and other South American countries occurs only in unimmunized persons, that immunization during outbreaks results in rapid disappearance of cases, and the fact that populations with high vaccine coverage have experienced a marked reduction in YF incidence despite continued human exposure to the enzootic cycle." 59 Included studies showed variation regarding the assay used to identify neutralizing antibodies. Early studies used mouse protection tests either with either intracerebral or intraperitoneal techniques. Later studies replaced tests in mice with tissue culture neutralization tests. The lack of a standardized test makes it difficult to compare efficacy data from multiple studies. However, seroconversion rates seem to be similar across studies, suggesting that it may not be significantly biased by differences in test method.
Most studies showed a consistently high immunogenic response to YF vaccine, which attests to its high efficacy. In the study showing a seroconversion rate as low as 75%, operational failures were considered by the authors, although they could not confirm that external factors such as vaccine storage, handling, or administration were the cause of the lower rate. In addition, it is uncertain whether reports of vaccine failure correspond to persons who failed to show immunity to a properly administered vaccine or received a vaccine that had deteriorated because of improper cold chain handling, storage, or use. Evidence from some studies that showed up to 26% seronegativity in vaccinees after mass immunization campaigns 7, 60 emphasizes the need of routine systematic monitoring by health services of neutralizing antibodies after campaigns to ensure adequate primary vaccine coverage. For this to be possible, it is necessary to develop a tool for rapid and low-cost diagnosis, which is not available.
Interestingly, four of the studies evaluated vaccine performance in the context of mass vaccination campaigns 25, 26, 29, 32 The seroconversion rates in these studies ranged from 89.7% to 98.2%. Moreover, Tavares-Neto and others 29 reported a seroconversion rate of 94% (363 of 387) after a vaccination campaign in a remote region of Brazil, which was characterized by its difficult access, minimally trained personnel, and limited resources. These findings, although not absolute, suggest that YF vaccine is effective even in precarious field conditions. Nonetheless, clear recommendations should be provided by manufacturers to minimize operational failure, and investigators should document measures taken to minimize the influence of external and operational factors in field prospective studies.
Results of all 12 studies that evaluated efficacy in terms of neutralizing antibodies reflected humoral immunity. However, it has been demonstrated that CD4+ and CD8+ T cells increase during the first 14 days after YF vaccination, before production of neutralizing antibodies, which suggests activation of the cellular immune system. 6, 61 These findings have had authors hypothesize that vaccinees without detectable neutralizing antibodies could also be protected by cellular immunity. As a consequence, studies focusing exclusively on neutralizing antibodies may underestimate YF vaccine protective efficacy.
Overall, any given population is considered to be protected if the percentage of immune persons reaches 60-80%. This level has proven to be sufficient to prevent risk of outbreaks. 62 Even if there is some evidence that shows a decrease in neutralizing antibodies over time, the percentage of the population with protective titers at the end of the follow-up period was consistently 60% in all studies. Moreover, the included studies show that seroconvertion rates after immunization are high (usually 90%) and they remain 75% several years after primary vaccination. This finding further emphasizes that a single dose of YF vaccine confers life-long protective immunity. Furthermore, some evidence suggests that if a booster were to be given to a given population, most persons would show only a minor or transient increase in neutralizing antibodies because most of them would be already immune and immunologic response to booster correlates inversely with the amount of preexisting antibodies. Finally, the most recent reports of vaccine failure come from secondary information sources of passive surveillance systems, which may be biased. This situation emphasizes the need for active surveillance in regions at high risk.
Populations in disease-endemic areas are adequately protected against YF infection because of herd immunity, 63 which indicates that the high level of protection is a direct consequence of the high percentage of immune persons within that population. Thus, because of herd immunity, these populations maintain their protective immunity for several years. Given the limited availability of YF vaccines, vaccination in at-risk regions should be directed towards ensuring good primary vaccination, rather than to providing booster doses.
Regarding travelers, it should be noted that reported YF cases are almost exclusively related to unimmunized travelers during outbreaks. Therefore, if a single dose of YF vaccine prevents outbreaks, travelers should also be safe. In the past 15 years, incidence of YF cases among travelers has been low, and there have not been any reports in the past 10 years. Nonetheless, there is a need to follow-up the impact of removing the 10-year booster dose stipulated by international health regulations for travelers.
Duration of immunity. Historical studies are valuable regarding duration of immunity. Most of them are retrospective studies, including cohorts of specific populations with specific characteristics: they received a single vaccine dose in the past during periods when vaccination was required for defined groups, they lived in areas to which YF was not endemic, and they did not travel to areas where immunization is required because they received their primary vaccination.
Overall, the included studies demonstrate long-lasting immunity after use of YF vaccine: as long as 40 years in as many as 80% of vaccinees. Some authors have argued that because there are no known cases of YF infection in persons who had been vaccinated and showed a documented, appropriate, initial response, these findings support the hypothesis that protection may be life-long. 33 The two studies that reported neutralizing antibody titers 1:10 ten years after immunization were small retrospective studies that used either randomly selected persons from immunization records or self-reported vaccinees. With the data provided, it was not possible to determine whether persons with neutralizing antibody titers 1:10 belonged to the group of documented vaccinees or the group of self-reported vaccines (Table 4) .
Specific groups. Surveillance in disease-endemic countries and clinical studies can identify specific risk groups that could benefit from a second dose or booster dose.
Human immunodeficiency virus. It seems clear that the level of immunosupression plays a key role in the immune response in HIV patients. 64, 65 Vaccination against YF may be offered to asymptomatic HIV-infected persons with CD4+ cell counts 200 cells/mm 3 who require vaccination, but further studies are needed to provide recommendations for severely immunocompromised HIV patients, including those with symptomatic HIV or CD4+ cell counts 200 cells/mm 3 . Patients infected with HIV more often have non-protective neutralizing antibodies and experience a more rapid decrease in titers during follow-up. Accordingly, it is recommended that patients who are not receiving highly active antiretroviral therapy and who have low CD4+ cell counts preferably postpone receipt of YF vaccine until the plasma HIV RNA level is undetectable to attain a more vigorous vaccine response. Current recommendations need to be readdressed because a 10-year interval between vaccine doses seems to be too long for the HIV population. Moreover, the 10-day interval after vaccination recommended for the general population before exposure may be too short for this group.
Infants and children. Infants and children represent one of the main populations in which YF vaccine is indicated in disease-endemic areas. 30, 66, 67 During outbreaks, children are usually greatly affected. 68, 69 Since 1988, the United Nations Children's Fund/World Health Organization Technical Group on Immunization in Africa has recommended routine childhood immunization against YF. Nonetheless, a disparity persists between at-risk countries and countries with immunization programs, and few countries have achieved coverage levels 80%. In South America, YF vaccine has also been included in childhood immunization programs, although most of them tend to focus on Amazonian jungle regions, leaving urban areas at risk of YF outbreaks. In addition, in South America, immunization strategies and vaccine-coverage rates vary considerably. Some regions of Brazil and Bolivia have achieved vaccine coverage rates 70%, whereas some disease-endemic areas have only reached 30%. 3 Some evidence suggests that children have a lower immunologic response to YF vaccine than adults. Interestingly, a recent pediatric trial found that the difference in seroconversion rate (compared with the rates reported in the analogous trial in adults) was most pronounced in the two youngest age groups (9-18 and 18-36 months of age) which is exactly the age at which childhood immunization programs recommend YF immunization. 30 This finding needs further investigation. Pregnancy. Pregnancy constitutes an important host factor in relation to immunity. Pregnant women are more prone to acquire severe forms of disease, 70 and pregnancy has been associated with failure to respond immunologically to certain vaccines such as hepatitis B vaccine. 71 This finding is why it is important to evaluate efficacy of YF vaccine in this group.
Most identified studies involving pregnant women were designed to assess congenital infection or structural defects resulting fromimmunization. 32, 72, 73 Fortunately, two studies provided data on seroconversion rates. The results varied, depending on the trimester in which vaccine was administered.
In light of current evidence, vaccination is recommended if indicated for pregnant women traveling to disease-endemic areas if travel cannot be avoided or postponed. Pregnant women at high risk of YF should be counseled regarding the benefits and potential risks of vaccination so that they can make an informed decision about immunization.
FUTURE LINES OF RESEARCH
This review shows that there is a scarcity of high-quality evidence regarding YF vaccine immunogenicity and duration of immunity. Accordingly, it is important to outline the areas that need future research. An important aspect for further exploration is the cellular immune response after vaccination against YF. Available evidence points towards an early protective role of T cells, but these findings need to be confirmed.
Antibody titers of children immunized during routine infant immunization programs should be adequately assessed in prospective studies many years post-vaccination. These studies should assess the immunologic response to YF vaccine while controlling possible confounding factors such as severe malnourishment, parasitic disease, and anemia, which are frequently encountered in disease-endemic regions.
For children, the question of protective immunity against YF after co-administration with measles, mumps, rubella and meningococcal and/or polio vaccines is of great importance. This issue will be a critical question that needs to be addressed. Further investigations are needed to assess the relationship between seroconversion and the trimester of pregnancy in which vaccine was administered, as well as the duration of immunity after seroconversion.
Additional data on safety and immunogenicity should be obtained for HIV patients (adults and children), especially for those with advanced infection. Prospective studies should determine the best timing for YF booster in persons infected with HIV through the evaluation of antibody titers 5 and 10 years after primary vaccination. Time to seroconversion and the role of viral load in the development of a good immune response also need to be explored.
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